Abstract During development, differentiating oligodendrocytes progress in distinct maturation steps from premyelinating to myelinating cells. Such maturing oligodendrocytes express both the receptors mediating signaling via extracellular lysophosphatidic acid (LPA) and the major enzyme generating extracellular LPA, namely phosphodiesterase-Ia/autotaxin (PD-Ia/ATX). However, the biological role of extracellular LPA during the maturation of differentiating oligodendrocytes is currently unclear. Here, we demonstrate that application of exogenous LPA induced an increase in the area occupied by the oligodendrocytes' process network, but only when PD-Ia/ ATX expression was down-regulated. This increase in network area was caused primarily by the formation of membranous structures. In addition, LPA increased the number of cells positive for myelin basic protein (MBP). This effect was associated by an increase in the mRNA levels coding for MBP but not myelin oligodendrocyte glycoprotein (MOG). Taken together, these data suggest that LPA may play a crucial role in regulating the later stages of oligodendrocyte maturation.
Introduction
Oligodendrocytes are the myelin-forming cells of the central nervous system (CNS). During development, they originate from progenitor cells that are generated in discrete areas of the CNS and migrate to their final destination to differentiate in a cell autonomous fashion into postmigratory, premyelinating oligodendrocytes [1, 2] . At the prospective sites of myelination such post-migratory, premyelinating oligodendrocytes undergo distinct stages of maturation, which are defined by changes in morphology and gene expression pattern (see Fig. 1A and [3] [4] [5] [6] [7] ). In particular, cells first survey the environment for axonal segments to be myelinated by extending a large and complex network of fine processes. This step of extensive process outgrowth is followed by the transformation of cellular protrusions into membranous structures ultimately forming the myelin sheath and by the expression of proteins involved in the regulation of myelination such as myelin basic protein (MBP) and myelin oligodendrocyte glycoprotein (MOG). Despite the well described characterization of these maturation stages, however, little is known about the signals that regulate their well coordinated progression [8] .
One of the extracellular factors long suspected to play a critical role during the later stages of oligodendrocyte maturation is the lipid signaling molecule lysophosphatidic acid (LPA). Extracellular LPA exerts its physiological functions by activating specific G protein-coupled receptors (GPCRs; for review see: [9] [10] [11] ). GPCRs of the endothelial differentiation gene family were the first to be recognized as LPA receptors, and they are designated LPA1 (Edg-2), LPA2 (Edg-4) and LPA3 (Edg-7). In addition to these classical LPA receptors three GPCRs of the purinergic family, GPR23/LPA4, GPR92/LPA5 and GPR87, have been recently identified to also mediate (B) PD-Ia/ATX's lysoPLD activity was determined in tissue culture supernatants from O4 immunopanned oligodendrocytes (4 days after plating) using the fluorogenic assay described by Ferguson et al. [37] . Means ± SEM of three independent experiments done in triplicates are shown. Numbers on the Y-axis represent fluorescence increase as a measure for lysoPLD activity in arbitrary units. (C) Relative LPA receptor mRNA levels present in differentiating oligodendrocytes. mRNA levels were determined by real-time qRT-PCR [41] and are presented in % on a logarithmic scale. LPA1 mRNA levels were set to 100% and the levels for LPA3 and LPA2 calculated accordingly. signaling via LPA [12] [13] [14] [15] . Out of the above, LPA1 and LPA3 have been described to be expressed by differentiating oligodendrocytes [16] [17] [18] [19] [20] . The in vivo expression pattern of LPA1 was found to coincide with myelination, and it was this observation that prompted a number of investigations into the role of LPA for oligodendrocyte differentiation and function [21] [22] [23] [24] . Somewhat disappointingly, no significant effects on morphology and/or gene expression were identified in these studies. Differentiating oligodendrocytes express not only the receptors for extracellular LPA, but also the major enzyme responsible for the production of extracellular LPA, namely the lysophospholipaseD (lysoPLD) phosphodiesterase-Ia/autotaxin (PD-Ia/ATX) [25] [26] [27] [28] [29] . Our previous studies identified PD-Ia/ATX as an extracellular factor that is released by differentiating oligodendrocytes during the initial stages of myelination and that stimulates the establishment of a complex process network independently of its lysoPLD activity via a second functionally active domain, i.e. the modulator of oligodendrocyte remodeling and focal adhesion organization (MORFO) domain [30] [31] [32] [33] . In addition, however, it is reasonable to assume that the presence of PD-Ia/ATX in the extracellular environment of differentiating oligodendrocytes results in the extracellular production of LPA and in the stimulation of LPA-mediated effects. Thus, the limited responses observed so far when adding LPA exogenously to differentiating oligodendrocytes may at least be in part due to PD-Ia/ATX precluding or masking the physiological effects of LPA.
In the present study we have, therefore, revisited the role of LPA on differentiating oligodendrocytes, and we have assessed its effects under conditions where the expression of PD-Ia/ATX was down-regulated. Under these conditions, exogenous application of LPA was found to support the formation of membranous structures and to stimulate an increase in mRNA levels coding for MBP but not MOG. Taken together, these findings demonstrate that LPA can stimulate the later maturation steps of differentiating oligodendrocytes.
Experimental Procedures

Materials
Antibodies: Hybridoma clone A2B5 (ATCC, Manassas, VA), hybridoma clone O4 (gift from S.E. Pfeiffer [34, 35] Primary cultures of differentiating oligodendrocytes were prepared from brains of postnatal day 4-5 rat pups as described previously [30, 36] . Briefly, cerebral hemispheres were dissected out and single cell suspensions were prepared by incubation in Hank's Balanced Salt Solution supplemented with 0.25% trypsin/1 lg/ml DNase (Sigma, St Louis, MO) and subsequent trituration. Differentiating oligodendrocytes where then isolated by O4 immunopanning. Isolated cells were placed on fibronectin (10 lg/ml)-coated coverslips and cultured in serum-free defined medium [Dulbeccos's Modified Eagle's Medium (DMEM) containing 40 ng/ml tri-iodo-thyronine (T3; Sigma, St Louis, MO) and 19 N2 supplement (DMEM/T3/N2)]. After 2 days in culture, cells were transfected with siRNA as described previously [33] . siPD-Ia/ATX-and siControltreated cells were analyzed after an additional 48 h in culture. Knock-down of PD-Ia/ATX was assessed by realtime qRT-PCR. When cells were treated with exogenous LPA, it was done for 2 h at a concentration of 1 lM (diluted in DMEM/N2). Immediately before use, the required aliquot of the LPA stock solution was dried down under sterile conditions, and the lipid film was resuspended by sonication in 0.4% fatty acid-free BSA (Sigma-Aldrich, St. Louis, MO) dissolved in tissue culture medium.
PD-Ia/ATX-lysoPLD Activity Assay PD-Ia/ATX's lysoPLD activity was determined using the fluorogenic assay described by Ferguson et al. [37] . Cell culture supernatants were incubated with 2.5 lM FS-3 substrate (Echelon Biosciences Inc., Salt Lake City, UT) in 140 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 5 mM Tris/HCl (pH 8.0), 1 mg/ml fatty acid-free BSA (Sigma-Aldrich, St. Louis, MO) for 5.0 h at 37°C. Increase in fluorescence with time was measured at an excitation wavelength of 485 nm and an emission wavelength of 520 nm using a PHERAstar multimode microplate reader (BMG LABTECH Inc. Durham, NC).
Immunocytochemistry
For immunocytochemical detection of the O4 antigen as a marker for differentiating oligodendrocytes in combination with one of the three classical LPA receptors, cells were fixed in 4% paraformaldehyde dissolved in Phosphate Buffered Saline (PBS). Unspecific binding sites were blocked using DMEM/10% Fetal Calf Serum (FCS) and cells were incubated overnight at 4°C with O4 hybridoma supernatants (1:1 diluted in DMEM/10% FCS). Bound O4 antibodies were detected using Alexa 488-conjugated secondary antibodies (1:250 diluted in PBS). Cells were then fixed again and incubated for 30 min in blocking/permeabilization solution (PBS containing 5% normal goat serum, 2% non fat dry milk and 0.05% Tween-20). Primary antibodies to each of the classical LPA receptors were applied at a concentration of 1:100 (in PBS containing 1% normal goat serum, 0.05% Tween-20) overnight at 4°C. Bound primary antibodies were detected using the TSA Plus Cyanine 3 system. The primary antibodies to the three classical LPA receptors used here have been employed successfully by others (e.g. [38, 39] ). When tested for specificity by us using Western blot analysis of whole brain lysates, all three antibodies were found to react with a single band of approximately 40 kDa, which is consistent with the size of the receptor monomers (data not shown). Furthermore, all antibodies detected an additional band of approximately 80 kDa, likely representing previously described LPA receptor homo-and/or heterodimers [40] .
For immunocytochemical detection of MBP, cells were fixed in 4% paraformaldehyde dissolved in PBS and permeabilized using 0.5% triton/0.4 M sucrose in PBS. Subsequently, cells were incubated for 30 min in DMEM/ 10% FCS and then overnight with anti-MBP antibodies (1:250 diluted in DMEM/10% FCS). Bound primary antibodies were detected using Alexa 488-conjugated secondary antibodies (1:250 diluted in PBS) and nuclei were stained using Hoechst (1 lg/ml; Calbiochem, San Diego, CA).
For immunocytochemical detection of the O4 antigen in combination with acetylated a-tubulin the treatment for O4 immunostaining was as described above. Bound O4 antibodies were detected using Alexa 594-conjugated secondary antibodies (1:250 diluted in PBS). Cells were then fixed again and permeabilized using 0.5% TRITO-X100 in PBS. Following permeabilization cells were incubated in DMEM/10% FCS and then overnight with anti-acetylated a-tubulin antibodies. Bound antibodies were detected using Alexa 488-conjugated secondary antibodies (1:250 diluted in PBS).
Cells were analyzed using an Olympus BX51 inverted fluorescent microscope (Olympus America Inc., Center Valley, PA) or a confocal laser scanning microscope (TCS SP2 AOBS, Leica Microsystems, Exton, PA or LSM 510 META, Carl Zeiss MicroImaging, Inc., Thornwood, NY).
Real-Time qRT-PCR Analysis
Total RNA was isolated from oligodendrocyte cultures using the RNeasy Micro Kit. Purified RNA samples were quantified by fiber optic spectrophotometry using the Nanodrop ND-1000 (Nanodrop Inc., Wilmington, DE) and their quality was assessed using Experion RNA HighSens Chips (BioRad, Hercules, CA). For real-time qRT-PCR, oligo(dT)-primed cDNAs were synthesized using the Sensiscript or Omniscript RT kit. PCR was performed on a Chromo 4 Four-Color Real-Time System (BioRad, Hercules, CA) using the iQ SYBR Green Supermix. The following primer pairs were used at the indicated annealing temperatures: PD-Ia/ATX: forward (5
For normalization, amplification of 18S rRNA was performed: forward (5 0 -TT CGGAACTGAGGCCATGAT-3 0 ), reverse (5 0 -TTTCGCT CTGGTCCGTCTTG-3 0 ), 60 or 65°C. PCR conditions were as follows: 95°C for 15 min followed by 34 cycles at 94°C for 15 s, annealing temperature for 20 s, and 72°C for 20 s. For quantification of relative LPA receptor mRNA levels, the method described by Peirson et al. [41] was used. For relative comparison of MBP and MOG mRNA levels in the presence of siPD-Ia/ATX or siControl, the DDCT method was used [42] .
Oligodendrocyte Morphology Analysis
For morphology analysis, cells were immunostained using the O4 antibody and an anti-acetylated a-tubulin antibody.
Images of approximately 40 cells were taken randomly for each treatment group in each experiment using an Olympus BX51 inverted fluorescent microscope (Olympus America Inc., Center Valley, PA). IP Lab imaging software (BD Biosciences Bioimaging, Rockville, MD) was used to determine process index (total amount of O4-positive process surfaces per cell minus the cell body), network area (total area within the radius of the process network surrounding the cell body minus the cell body) and complexity index (1 minus process index divided by network area) as previously described [33] . In addition, a membrane index was defined as follows: [(O4 network area minus acetyltubulin network area) divided by the O4 network area]. A 1:1 correlation of network area to microtubule area yields values approaching 0, while a membranous network area considerably larger than the microtubule network area produces a membrane index approaching 1.
Cell Count Analysis (MBP-Positive Cells)
Composite images of MBP-positive cells were collected by tile scan using a Leica TCS SP2 AOBS confocal microscope (Leica Microsystems, Exton, PA). The total number of detectable nuclei and MBP-positive oligodendrocytes was determined using the particle count plugin (Wright Cell Imaging Facility) to the ImageJ software package [43] and the following parameters: nuclei (threshold size: 0-10, circularity: 0-1.0); MBP (threshold size: 0.5-5.0, circularity: 0-1.0).
Results
Differentiating Oligodendrocytes Express
Enzymatically Active PD-Ia/ATX and all Three Classical LPA Receptors Prior to analyzing the role of LPA on differentiating oligodendrocytes, studies were undertaken to confirm the enzymatic activity of secreted PD-Ia/ATX and the expression of LPA receptors in the culture system to be used. Differentiating oligodendrocytes were isolated from brains of 4 to 5 day-old rats by O4 immunopanning and allowed to mature for 4 days in vitro. The antigenic marker O4 has been previously demonstrated to be present on the membrane surface of oligodendrocytes that are considered post-migratory, premyelinating cells [34, 35, 44, 45] . In addition, such O4-positive oligodendrocytes release endogenous PD-Ia/ATX and start to express MBP and MOG (Fig. 1A and [5, 30, 46] ). To determine lysoPLD activity of the secreted PD-Ia/ATX, cell culture supernatants were tested using a fluorogenic assay in which enzymatic activity is measured in a concentration and time dependent manner via an increase in fluorescence (see supplemental Fig. 1 and [37] ). Using this assay, cell culture supernatants of differentiating oligodendrocytes were found to contain significant amounts of enzymatically active PDIa/ATX (see Fig. 1B ). This finding is in agreement with our previous data demonstrating an increase in PD-Ia/ATX expression levels during the initial stages of myelination [30] . In contrast, oligodendrocyte progenitor cells were found to be negative for PD-Ia/ATX mRNA, and only low levels of PD-Ia/ATX mRNA were detected in oligodendrocytes present in the adult CNS (unpublished observations and [26] ).
To assess LPA receptor expression, RNA was isolated from differentiating oligodendrocyte cultures and analyzed using real-time qRT-PCR. Amplification products for all three classical LPA receptors were noted. Quantification of the mRNA expression levels revealed highest expression of LPA1 followed by LPA3 and LPA2 (Fig. 1C) . The data related to LPA1 and LPA3 expression are consistent with previous findings [20, 24] . Expression of LPA2, however, may have been overlooked so far due to its very low expression levels. To further confirm the expression of the three classical LPA receptors by differentiating oligodendrocytes, we took advantage of the availability of specific antibodies. As shown in Fig. 1D all three receptors were detected in O4-positive cells of both simple and complex process morphology. In addition, a punctate distribution was noted that may be indicative of receptor localization to intracellular vesicles. Taken together, the above data confirm and extend the finding that differentiating oligodendrocytes secrete enzymatically active PD-Ia/ATX and express receptors known to mediate signaling by extracellular LPA.
Extracellular LPA can Support an Increase in Oligodendrocyte Network Area via Stimulation of the Formation of Membranous Structures
As introduced above, the presence of PD-Ia/ATX in the extracellular environment of differentiating oligodendrocytes may preclude and/or mask some of the physiologic effects of LPA when it is added exogenously and/or in excess. Thus, we analyzed the effect of exogenous LPA on the morphology of differentiating oligodendrocytes under conditions where PD-Ia/ATX expression was down-regulated. Differentiating oligodendrocytes were isolated by O4 immunopanning from postnatal day 4 to 5 rat brains and treated with a siRNA pool specific to PD-Ia/ ATX 2 days after plating. We have previously established that under these conditions PD-Ia/ATX mRNA and protein levels are reduced by at least 50% 48 h after siRNA treatment [33] . For LPA treatment a concentration of 1 lM was chosen. At this concentration significant effects on Ca 2+ mobilization and ERK1/2 activation have been described by others [20, 21, 24] . Furthermore, for the LPA-induced increase in pERK an EC 50 of 1 lM has previously been established [20] . LPA was added 48 h after siRNA treatment and its effects were evaluated 2 h after application. We first determined the network area as a measure for morphological changes (Fig. 2A) . In agreement with previous studies, no effects were noted under control conditions (Fig. 2B and [24] ). At reduced levels of PD-Ia/ATX mRNA and protein, however, the network area was significantly reduced, and addition of LPA led to an increase to almost control levels (Fig. 2B) .
To further define the nature of the morphological changes observed in response to LPA, process and complexity indices were determined (see Experimental Procedures and [33] ). As shown in Fig. 3A , treatment of differentiating oligodendrocytes with a siRNA pool specific to PD-Ia/ATX resulted in a decrease in both process and complexity indices. Thus, siPD-Ia/ATX-treated cells displayed a simple process morphology ( Fig. 3B ; upper panel). Upon addition of exogenous LPA to these cells, an increase in process but not complexity index was noted (Fig. 3A) . Such an increase could either be due to an increase in long, unbranched processes or in membranous structures. When visually inspecting the cells, the latter appeared to be the case (an example of maximal effect is depicted in Fig. 3B ; lower panel). To quantify this effect, cells were double stained for O4 and acetylated a-tubulin, a protein associated with stabilized microtubules [47] . In oligodendrocytes, stabilized microtubules are found in processes of differentiating cells but not within their membranous structures [48] [49] [50] [51] [52] . Thus, the differential in distribution of the O4 antigen versus acetylated a-tubulin allowed us to define a membrane index for which a value close to 1 is characteristic for cells extending large membranous areas while a lower value denotes the presence of fine processes (for details see Experimental Procedures). As shown in Fig. 3C , the membrane index remained unaffected when PD-Ia/ATX expression was down-regulated. This finding is in agreement with our previous studies, and it reflects a decrease in the number of cells extending a complex network of fine processes [33] . Application of LPA to these cells of relatively simple process morphology significantly increased the membrane index (Fig. 3C) . Thus, LPA can induce an increase in the oligodendrocyte's network area by stimulating the formation of membranous structures. In an attempt to gain insight into potential molecular mechanisms underlying the above observed effect of LPA on the formation of membranous structures, the expression of the classic isoforms of the myelin protein MBP was analyzed (Figs. 4, 5) . These MBP isoforms are highly expressed during the active stages of myelination and are thought to have regulatory effects on the myelination program [53] [54] [55] [56] [57] [58] . As shown in Fig. 4 , down-regulation of PD-Ia/ATX expression led to a decrease in the number of MBP-positive cells. Upon addition of LPA, the number of MBP-positive cells returned to at least control levels. The observed increase in the number of MBP-positive cells could be mediated by stimulation of gene expression or by regulatory posttranscriptional events such as mRNA transport and/or translational regulation. To evaluate the contribution of an increase in mRNA levels, real-time qRT-PCR was performed. In these studies, mRNAs coding for the exon 2-containing classic isoforms of MBP were assayed since these are expressed more abundantly during the initial stages of myelination. In contrast, exon 2-deficient MBP isoforms have been implicated primarily in the regulation of myelin maintenance and/or compaction [59, 60] . Cells treated with a siRNA pool specific to PD-Ia/ ATX displayed a reduction in MBP mRNA levels that was similar to the reduction in the number of MBP-positive cells (compare Fig. 5A with Fig. 4B ). In contrast to MBP, MOG, which is specifically expressed by myelinating oligodendrocytes, was not affected by the alteration in PD-Ia/ ATX expression (Fig. 5A and [46] ). These findings demonstrate that a reduction in PD-Ia/ATX expression affects mRNA levels for some but not all myelin genes. Upon treatment with LPA, MBP mRNA levels were increased by a factor of 2.9, while MOG mRNA levels remained unchanged (Fig. 5B) . Interestingly, MBP mRNA levels reached above control levels after LPA application. This enhancement in MBP mRNA levels could either reflect a more efficient direct effect of LPA on MBP under low PDIa/ATX expression conditions, or it could, in part, be a consequence of an indirect or off-target effect of the siPDIa/ATX-treatment on other LPA-responsive genes. Nevertheless, these data demonstrate that under certain conditions LPA can induce an increase in the mRNA levels encoding classic isoforms of MBP.
Discussion
The well coordinated sequence of events leading to the final maturation of differentiating oligodendrocytes is crucial for proper functioning of the CNS. Our data presented here indicate that the lipid signaling molecule LPA may play a crucial role in regulating these events. In particular, we found that LPA can promote an increase in the area occupied by the oligodendrocyte's process network by stimulating the extension of membranous structures. In addition, LPA can increase the appearance of MBP-positive cells via stimulation of an increase in MBP mRNA levels. mRNA levels for the later stage marker MOG, however, appeared unaffected. Increases in neither the network area nor the MBP mRNA levels were observed under control conditions. Detection of these exogenous LPA-mediated effects required prior down-regulation of PD-Ia/ATX expression. Thus, our data demonstrate that under conditions where PD-Ia/ATX expression is downregulated LPA can promote the transition from a network of fine processes to the formation of myelin sheets as well as an increase in MBP mRNA levels (Fig. 6 ).
In the studies presented in Fig. 3 , the formation of membranous structures was induced by LPA in cells of simple process morphology. In vivo and under control in vitro conditions, however, membrane sheath formation is preceded by the extension of a complex process network [4, 6] . Thus, for earlier differentiation stages of oligodendrocytes with simple morphology LPA does not appear to exert a similar effect as the one observed here. These cells may lack components of the signaling pathway leading to membrane sheath formation and/or this pathway may be inhibited by the expression of ''silencing'' factors. In either case, down-regulation of PD-Ia/ATX does not seem to affect the crucial components of these pathways. In an extended interpretation, these findings suggest that down-regulation of PD-Ia/ATX does not block the entire differentiation program in maturing cells of the oligodendrocyte lineage.
LPA-mediated effects on oligodendrocyte network area and MBP mRNA levels were only revealed after downregulation of PD-Ia/ATX expression. Interestingly, in the case of the membrane index, a slight increase was observed upon LPA application under control conditions, i.e. without prior down-regulation of PD-Ia/ATX expression (data not shown). This effect was, however, not associated with a concomitant increase in network area (see Fig. 2 ). Thus, the increase in membrane index under control conditions appears primarily due to a decrease in acetylated a-tubulin that is likely associated with a rearrangement from fine and complex process networks to membranous structures. Myelin sheath formation has been recently suggested to involve destabilization of microtubules and deacetylation of a-tubulin [61] . Thus, the LPA-mediated effect on oligodendrocyte morphology may be associated with cytoskeletal rearrangements involved in the transition from process outgrowth to membrane sheath formation. In support of this idea, it has been previously shown that LPA induces rearrangements of microtubules during remodeling of neuronal processes [62, 63] .
Down-regulation of PD-Ia/ATX was found here to negatively affect MBP expression. Subsequent application of LPA reverted this effect. These data point toward a role of LPA on the expression of certain genes known to be important for myelination. Up-regulation of gene expression within hours of LPA application has been previously reported to occur and to be mediated by signaling through LPA receptors [64] [65] [66] [67] . Accordingly, the LPA-mediated effects described here are thought to be mediated by signaling through one or more of the cell surface LPA receptors expressed by differentiating oligodendrocytes. Upon agonist stimulation, most GPCRs are rapidly internalized into cells through endocytic pathways. Indeed, LPA receptor activation has been associated with vesiclemediated endocytosis [68] [69] [70] [71] . Our immunostaining for LPA1 through three revealed a punctate pattern indicative of LPA receptor localization to intracellular vesicles. Thus, LPA receptor activation is likely operative in cultures of primary oligodendroglial cells as utilized here. We consider it unlikely that the effects we observe are mediated via the recently discovered nuclear LPA receptor (PPARc) since extracellular LPA has long been known to have access to the intracellular compartment only when applied in a carrier (albumin)-free manner [72, 73] . Our data presented here demonstrate that extracellular LPA can stimulate the formation of membranous structures and an increase in mRNA levels encoding classic isoforms of MBP at least under conditions where PD-Ia/ATX expression is down-regulated Knock-out mice for LPA receptors have so far not revealed any specific myelination defects [74] [75] [76] . This observation, however, does not minimize the predicted importance of LPA receptor signaling for oligodendrocyte differentiation and myelination. The existence of an increasing number of LPA receptors and the redundancy of lysophospholipid-evoked cellular responses create a scenario of great complexity [15] . Thus, more sophisticated strategies may have to be employed to be able to dissect in vivo the physiological roles for each of the LPA receptors.
In summary, the data presented here reveal a potentially crucial role for LPA during the later stages of oligodendrocyte maturation. Due to the heterogeneity of the oligodendrocyte cultures with respect to their developmental stage, we cannot rule out the possibility that the LPA-mediated effects observed here are limited to a narrow developmental window. Nevertheless, these effects were only revealed after down-regulation of PD-Ia/ATX expression. In light of the well established role of PD-Ia/ ATX as the major enzyme generating exogenous LPA, it is, therefore, tempting to speculate that during normal development LPA is generated in the environment surrounding the maturing oligodendrocyte via PD-Ia/ATX's lysoPLD active site. This generation of exogenous LPA can, at the appropriate developmental time point, promote the transition from a highly branched network of fine processes to myelin sheath formation associated with an increase in MBP expression. Interestingly, the prior establishment of the complex network of fine processes is facilitated by PDIa/ATX's second functionally active site, the MORFO domain [33] . Thus, PD-Ia/ATX seems to promote oligodendrocyte maturation via the concerted action of its functionally active sites. Future studies will, however, be necessary to dissect the exact roles of PD-Ia/ATX for myelination during normal development and during myelin repair under pathological demyelinating conditions.
